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Modeling Thermal-Hydrologic-Chemical (THC) Coupled Processes with Appli-
cation to Underground Nuclear Tests at the Nevada Test Site: A “Grand Chal-
lenge” Supercomputing Problem

P.C. Lichtner and A.V. Wolfsberg
Los Alamos National Laboratory, Los Alamos, New Mexico
lichtner@lanl.gov

1 INTRODUCTION

At the Nevada Test Site (NTS), the continental nuclear weapons testing site in the United States, 828 under-
ground tests were conducted between 1951 and 1992 (DOE, 2000). This study is focused on the BENHAM
underground nuclear test conducted on December 19, 1968. During the period from 1996 to 1998, a number
of radionuclides consisting of3H, 137Cs,60Co,152,154,155Eu,237Np, 239,240Pu,241Am, 14C, 36Cl, 99Tc, 129I,
90Sr, and214Pb were detected in trace quantities 1.3 km from the BENHAM test. The radionuclides were
discovered in well ER-20-5 #3, sampling a lava formation located near the depth of the working point (WP),
and well ER-20-5 #1, sampling the TSA welded tuff aquifer located some 500 m above the WP situated at
a depth of 1402 m (Wolfsberg et al., 2002; Kersting et al., 1999). Kersting et al. (1999) report that isotopic
fingerprinting indicated the239,240Pu originated at BENHAM, rather than the closer TYBO test executed
on May 14, 1975, at a depth of 765 m, and that in both aquifers239,240Pu was associated with colloids.
These observations indicate an approximate travel time for239,240Pu on the order of 30 years or shorter. The
BENHAM test, with an announced official yield of 1.15 megatons (DOE, 2000), produced a spherical cavity
estimated at 200 m in diameter. The bottom of the cavity filled with melted rock, referred to as melt glass. A
cylindrical, rubblized, chimney formed as rock above the cavity collapsed, extending from the working point
of the test to above the TSA welded tuff aquifer. The melt glass is thought to contain a large proportion of the
radionuclide inventory for Pu, whereas other less refractory radionuclides are distributed between the melt
glass and the surrounding chimney material (Pawloski et al., 2001). A puzzling question arises as to how
239,240Pu (and other radionuclides) could have migrated from the BENHAM test to two distant wells located
in aquifers that apparently do not interact with one another, except through the chimney system created by
the test. In addition, the radionuclides in question have wide ranging chemical properties including sorptive,
solubility, and complexing affinity. This contribution attempts to elucidate the mechanisms responsible for
transporting this diverse group of radionuclides over the relatively short times and long distances observed
at the NTS.

Because the geometry of the system is intrinsically 3-D, consisting of a vertical cylindrical chimney
with melt glass at the bottom embedded in a horizontally layered medium with an ambient lateral flow
gradient, simulations to be at all realistic must be carried out in three spatial dimensions. In addition, field
length scales for the system range from 100 m corresponding to the chimney radius to 1.3 km equal to the
distance from the BENHAM test WP to the observation wells. Within the cavity-chimney-melt-glass region
it is necessary to resolve length scales on the order of 10 m or less to capture thermal effects resulting in
highly tortuous convection cells. These considerations necessitate the use of high performance computing
for all but the coarsest grids.

To explain the observed radionuclide breakthrough behavior, a complex thermal, hydrologic, and chem-
ical (THC) coupled process model is called for. However, before embarking on this endeavor with its exten-
sive data requirements, it is prudent to take a more simplified approach to first explore the complex interplay
between heat, fluid flow, and solute transport resulting from an underground test. To this end, the focus
here is on coupling heat and fluid flow processes while using a relatively simple formulation of non-reactive
solute transport and calibrating the predicted breakthrough times to well data. Reserved for future studies is
the additional coupling of more complex chemical processes. Nevertheless, interpretation of results obtained



from the simplified model provides unique insights and raises interesting questions into system responses to
a transient heat source and migration of reactive and non-reactive solutes in fractured rock aquifers.

2 RADIONUCLIDE MIGRATION FROM AN UNDERGROUND
NUCLEAR TEST AT THE NEVADA TEST SITE

2.1 Conceptual Model THC Coupled Processes:

∂

∂t
φρ + ∇ · F ρ = 0 (1a)

∂

∂t

[
φρU + (1− φ)ρrcrT

]
+ ∇ · F e = 0 (1b)

∂

∂t
φRC + ∇ · F C + λC = 0 (1c)

Flux: F ρ = qρ (2a)

F e = qρH − κ∇T (2b)

F C = fcqC − φD∇C (2c)

Darcy Velocity: q = −k

µ

(
∇p− ρgẑ

)
(2d)

Symbols: temperatureT , pressurep, solute concentra-
tion C, porosity φ, density ρ, energyU , enthalpyH,
permeability k, viscosity µ, acceleration of gravityg,
rock heat capacityc, thermal conductivityκ, rock density
ρr, retardationR, collide enhancement factorfc, disper-
sion/diffusion coefficientD, decay constantλ.

The conceptual model used to describe ra-
dionuclide migration from an underground
nuclear test consists of a near-field re-
gion composed of the chimney-cavity-
melt-glass system, and a far-field region
consisting of the surrounding host rock
(Pawloski et al., 2001; Wolfsberg et al.,
2002). Following the detonation and rewet-
ting of the near-field region, vigorous con-
vection takes place in the high permeabil-
ity chimney as buoyant flow driven by heat
released from the melt glass moves up the
chimney carrying radionucldes to the over-
lying aquifers. The host rock is modeled as
a layered medium with effective homoge-
neous properties for each stratigraphic unit.
The rubbleized chimney is modeled as a
porous medium with relatively high perme-
ability and high porosity. In a highly sim-
plified description of this system, three con-
servation equations are needed to describe these processes: mass, energy, and solute corresponding to
Eqns. (1a), (1b), and (1c). A single continuum description is employed based on effective properties for
porosity, permeability, and other material quantities to represent flow and transport through a fractured
porous medium [see c.f. Lichtner (2000)]. In a fractured porous medium, in the limit when full equili-
bration occurs between fracture and matrix continua due to small fracture spacing or slow flow rate, the
equivalent continuum representation of the fractured medium is approached. For an upscaled, equivalent
continuum formulation, effective porosity and permeability are related to intrinsic fracture, matrix proper-
ties (subscriptsf , m), by the expressionsφ=εfφf+(1−εf )φm andk=εfkf+(1−εf )km, whereεf refers to
the fracture volume fraction. In this case, fracture and matrix porewater concentrations are equal. However,
for the system under consideration it is not expected that these conditions apply due to the high flow rate
and large fracture spacing. This hypothesis is tested and discussed below. Although in general, radioactive
decay, retardation, and colloid velocity enhancement factors are needed to describe solute transport, in what
follows a single non-reactive tracer is considered(R = 1). Transport of sorbing radionuclides is presumed
to occur via colloids. For colloids to be effective, it would also seem necessary that sorption on colloids
be irreversible, thereby minimizing competition with host rock minerals. In the presence of reversible sorp-
tion, colloids must compete with stationary minerals requiring a large colloid concentration to achieve a
comparable cation exchange capacity or surface site density (Honeyman and Ranville, 2002). Presumably
two pools of the sorbing radionuclides137Cs and239,240Pu are present, a highly mobile fraction that be-
comes irreversibly attached to colloids, and a immobile fraction that remains held to mineral surfaces within
the chimney and possibly along the flow path outside the chimney. Because we are primarily interested
in describing breakthrough at the ER-20-5 wells, we need only be concerned with the mobile radionuclide
fraction. This fraction is presumed to consist of nonsorbable species (such as3H and36Cl), in addition to
sorbable species (such as137Cs and239,240Pu). These latter species are assumed to be irreversibly sorbed



onto colloids and to undergo colloid-facilitated transport with little or no retardation. Thus in either case, it
can be assumed that radionuclide migration is described by the non-reactive solute transport equation.

2.2 Model Implementation
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Figure 1:Cutaway view showing the grid used in the 3-D simulations.
The position of the melt glass, chimney, and placement of TSA, upper
CHZCm, LAVA, lower CHZCm, and IA stratigraphic units are indi-
cated in the figure. Observation wells ER-20-5 #1 and #3, sampling in
the TSA and LAVA aquifers, respectively, lie in the lefty-z plane of the
figure, 1.3 km from the chimney center.

The computational domain used in the
simulations measures 1.5 km×500 m×
1050 m, encompassing both the BEN-
HAM test and the ER-20-5 observa-
tion wells (Figure 1). The cavity ra-
dius (100 m), chimney height (1090
m), and melt-glass volume (3.22× 105

m3) are related empirically to the test
yield (Pawloski, 1999). The domain
is divided into a moderately sized grid
with 95×50×65 nodes, with grid spac-
ing ranging from 7 m near the melt
glass to 20 m away from the source.
Model parameters, considered as ef-
fective properties, used in the simu-
lations are listed in Table 1. Zero
flow boundary conditions are imposed
along the four sides parallel to the am-
bient flow direction. Pressure bound-
ary conditions are imposed at the up
and down gradient boundaries taking
into account the hydrostatic increase in
pressure with depth with a geothermal gradient of 0.01◦C/m. The initial pressure and temperature distribu-
tion is obtained by first running to a steady state without the chimney-cavity-melt-glass present. The initial
temperature of the melt glass is set to 290◦C, just below the boiling point of water at depth, mainly to avoid
two-phase conditions which would greatly complicate the calculations. However, this is a reasonable start-
ing point for this investigation because only after single-phase conditions are reached is flow away from,
rather than towards, the chimney likely to occur. Investigation of the rewetting period is left for future work.

Model simulations are carried out with the initial tracer concentration normalized to the initial con-
centration in the melt-glass pore volume and zero outside. Calibration is achieved by matching calculated
breakthough curves to field data in wells ER-20-5 #1 and ER-20-5 #3. The lateral pressure gradient and
effective LAVA porosity were used as fit parameters. A scale factor for each species is applied to the field
data to obtain a match to the decay corrected breakthrough curves from wells ER-20-5 #1 and #3. The value
of the scale factor provides an estimate of the corresponding initial radionuclide inventory for the mobile
fraction of radionuclides measured in the observation wells. Four of the twelve radionuclide species detected
in the ER-20-5 observation wells consisting of3H, 137Cs,239,240Pu, and36Cl were modeled. These species
represent short- and long-lived radionuclides, and those transported by colloids. A (possibly nonunique)
match to the field data is achieved with a lateral flow gradient of 1 m/km and an effective LAVA porosity of
0.012. Although the four radionuclides considered to date represent the range in decay rates and transport
properties of the entire set of radionuclides detected in the observation wells, complete analysis will require
the consideration of all radionuclides detected.

Calculations are performed using the parallel computer code PFLOTRAN, a reactive flow and transport
code developed at LANL. The code PFLOTRAN describes Darcy flow coupled to heat and multicomponent
mass conservation equations. Although PFLOTRAN can account multicomponent chemical reactions in-
cluding mineral precipitation and dissolution, sorption, and complexing reactions, in this study a single
non-reactive tracer species is considered. PFLOTRAN is based on the PETSc parallel libraries developed at



Table 1: Stratigraphy and associated physical properties for different stratigraphic units representing
the host rock at the BENHAM underground nuclear test (Wolfsberg et al., 2002), with the exception of
the LAVA effective porosity which is treated as a fit parameter.

Unit Name Depth ρr cr κ φ k

[m] [kg/m3] [J/(kg K)] [J/(m s K)] — [m2]

TSA 0–145 2500 880 1.8 0.005 5.00× 10−11

CHZCm 145–320 2350 1154 1.2 0.250 2.00× 10−14

LAVA 320–550 2270 1000 2.5 0.012 1.00× 10−12

CHZCm 550–850 2350 1154 1.2 0.250 2.00× 10−14

IA 850–1050 2270 1000 2.5 0.083 5.00× 10−13

Chimney 0–714 2354 1043 1.8 0.185 1.00× 10−11

Glass 679–714 2500 1154 2.7 0.0101.00× 10−14

Argonne National Laboratory (Balay et al., 1997) and makes use of object-oriented features in FORTRAN
90. PETSc (latest version 2.2.0) has achieved a high level of maturity that allows rapid development of ef-
ficient parallel implementation for solving systems of non-linear partial differential equations. PFLOTRAN
is essentially platform independent and can run on any machine that PETSc runs on. This includes laptop
computers, workstations, and massively parallel high performance computing facilities. PFLOTRAN uses a
domain decomposition approach based on the fully implicit, non-linear, iterative solver (SNES) libraries in
PETSc and uses the distributed array (DA) parallel data structure to manage communication between proces-
sors. This includes the local data owned by each processor and bordering grid cells owned by neighboring
processors.

The simulations involve three degrees of freedom—pressure, temperature, and solute concentration—
per grid block, resulting in a total of 308,750× 3 = 926,250 degrees of freedom. Some savings in com-
putation time could be obtained by solving the tracer transport equation sequentially from temperature and
pressure since the latter equations do not involve the solute concentration, however, this savings is minimal
when employing parallel computation with many processors. The calculations reported here were carried
out on LANL’s QSC and PNNL’s MPP2 machines using 64 and 128 processors. Computation times scaled
almost ideally with the number of processors. The memory requirements for this moderately sized problem
are minimal compared to the available memory. On MPP2 each processor has 3-4 GB of memory, compared
to 4 GB per processor on QSC. The advantages of parallel computing become even more pronounced as the
complexity of the problem is increased, for example, by taking into account multicomponent processes and
finer grid resolution. This would allow coupling competitive reactive processes for solute sorption to matrix
materials and colloids as well as colloid filtration processes as described by Wolfsberg et al. (2002) into a
three-dimensional simulation framework. For example, reducing the grid spacing by a factor of two in each
direction would increase the number of degrees of freedom by eight. Increasing the number of chemical
components to ten results in a four-fold increase in the degrees of freedom. Finally, including dual contin-
uum capabilities with, for example, ten matrix nodes for each fracture node leads to an overall increase of
8×4×10=320, or approximately 300 million degrees of freedom, which is beginning to stretch the limits
of available computing facilities.

2.3 Results

Shown in Figure 2 is the calculated temperature distribution in the neighborhood of the test after an elapsed
time of 10 years. Thermal plumes can be seen rising from the melt glass as it cools. As can be seen in the
figure, buoyancy driven flow has reached the upper TSA aquifer and has carried the thermal plume along
with radionuclides laterally. The melt glass temperature becomes highly nonuniform due to convective
cooling. Apparent from this figure is that early breakthrough occurs in the upper TSA aquifer, and not the



LAVA where almost no temperature increase is visible after 10 years even though the LAVA unit is much
closer to the source (see Figure 1). This is a consequence of the lower permeability and higher porosity of
the LAVA compared to the TSA.
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Figure 2:Near-field temperature distribution af-
ter an elapsed time of 10 years.

Radionuclide breakthrough curves for the 3-D simula-
tion are shown in Figure 3 for3H, 137Cs,36Cl, and239,240Pu.
A good match to field observations in wells ER-20-5 #1 and
#3, indicated by the symbols, is obtained for3H, 137Cs, and
36Cl, by fitting to the tracer breakthrough curve corrected
for radioactive decay. Radioactive decay is included for3H
and137Cs by transforming the breakthrough concentrations
by the decay factore−λt, with λ corresponding to tritium
and cesium half lives of 12.32 y and 30.2 y, respectively
(radioactive decay of36Cl and 239,240Pu with half lives of
301,000 years and 24,100/6560 years, respectively, is neg-
ligible over the time scale of these simulations). In particu-
lar, the coupled model is able to explain the relative magni-
tude in concentrations observed in the upper TSA and lower
LAVA aquifers. The results of the calculations are consis-
tent with the interpretation that species3H and36Cl move
unretarded, as well as some portion of137Cs and239,240Pu
sorbed irreversibly to colloids. However, they do not require
that there be no retardation. For example, if a smaller value
is used for the chimney porosity, then retardation (or refit-
ting the lateral flow gradient) would be necessary to obtain
the observed breakthrough times. For a flow dominated sys-
tem, the porosity times the retardation factor appears in the transport equation and the two quantities cannot
be determined separately [see Eqn.(1c)]. Note that this analysis does not provide an estimate of what fraction
of the reactive species sorb to colloids, or what fraction of colloids filter out of the flow system.

Transport of the species239,240Pu appears to be an anomaly. Comparison of the measured239,240Pu
concentrations with the tracer breakthrough curves would suggest that239,240Pu is moving more rapidly than
a tracer (due to the smaller ratio between the measured concentrations in the TSA and LAVA). To obtain
a match between model results and field data with a single scale factor for239,240Pu, a colloid velocity
enhancement factor or smaller effective porosity is required. Shown in the figure is a fit to the239,240Pu
breakthrough curve with an enhancement factor offc = 1.06 (compared to a maximum theoretical value
of fc = 1.5). This is equivalent to using an effective LAVA porosity of 0.012/1.06 = 0.0113, and chimney
porosity of 0.185/1.06 = 0.175. Although these changes in porosity seem relatively minor, they can have a
large effect on the travel time because of the small value of the porosity. Thus for a change∆φ in porosity,
the travel timeτ(φ) becomesτ(φ) ' τ(φ0)(1 + ∆φ/φ0) = τ(φ0)/fc.

It is reasonable to assume that the effective porosity used in the simulations, calibrated to the3H
simulation, does not apply to colloids to explain the239,240Pu anomaly. In fact, the effective porosity
experienced by a colloid should be less, because colloids generally do not participate in matrix diffusion as
can conservative solutes. However, this does not explain why137Cs, also apparently transported irreversibly
on colloids, does not exibit the more rapid migration experienced by239,240Pu. One possible explanation
is that they are associated with different colloids with very different transport and radionuclide sorption
properties. The species137Cs is a strongly sorbing cation which undergoes ion exchange and does not
readily form complexes, whereas239,240Pu sorbs through surface complexation reactions and forms strong
complexes with carbonate. Column transport experiments have been performed showing that239,240Pu sorbs
nearly irreversibly zeolite colloids while sorbing reversibly on silica and clay colloids (Kersting and Reimus,
2003). Similar experiments for137Cs might elucidate the reversibility of that species on colloids and provide



insight regarding the slightly different apparent velocities for239,240Pu and137Cs.
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Figure 3: Breakthrough curves in the TSA and LAVA stratigraphic units for a
3-D simulation of a non-reactive tracer released from the melt glass. The break-
through curves are corrected for radioactive decay of tritium and cesium (12.32 y
and 30.2 y half lives). The measured239,240Pu breakthrough concentrations were
fit with fc = 1.06. Symbols represent field measurements from wells ER-20-5 #1
and #3 (Wolfsberg et al., 2002; Finnegan and Thompson, 2003), for the indicated
radionuclide scaled by the factors listed in Table 2.

The scale factors in units
of pCi/L obtained for each
species by matching the break-
through curve in the TSA to
wells ER-20-5 #1 and #3 are
listed in Table 2. The scale
factors provide an estimate of
the initial radionuclide inven-
tory in Curies by multiply-
ing by the melt-glass volume
of 3.22 × 105 m3 and poros-
ity of 1%, to give the values
listed in Table 2. It should
be noted, however, that for the
case of strongly sorbed species
such as is expected for137Cs
and 239,240Pu, only the mo-
bile species fraction that is ir-
reversibly sorbed on colloids is
accounted for in this estimate.

The simulation predicts a
pulse release of radionuclides
to the TSA and LAVA aquifers.
Peak releases occur at roughly
15 y for the TSA unit and 55 y
for the LAVA unit. This behavior is caused by the localized source terms for solute and heat in the initial
melt glass configuration. Release of heat from the melt glass and formation of convection cells which drive
fluid up the chimney, and its subsequent cooling and collapse of convective transport is, however, primarily
responsible for the pulse behavior. Multicomponent, two-dimensional simulations of this system which
include a kinetic model for dissolution of the melt glass and release of radionuclides also exhibit a pulse
release through the temperature dependence of the dissolution rate which dramatically slows as the melt
glass cools (Wolfsberg et al., 2002). The 3-D simulations suggest that tritium in well ER-20-5 #3 is just
beginning to increase. However, the last3H observation point suggests that the peak in tritium has already
occurred, marked by the observed drop in the tritium concentration in well ER-20-5 #3. This last data point
was reported by Finnegan and Thompson (2003) for well ER-20-5 #3 (a pump failure occurred in well #1)
taken on November, 2001. They measured237Np, 85Kr and3H, and found no detectable137Cs. It should be
noted, however, that the measurements from ER-20-5 #3 are close to the detection limit. Further data will
be needed to confirm whether the model is correct and tritium and the other radionuclide concentrations are
still increasing with time in well ER-20-5 #3.

There are a number of simplifying assumptions and uncertainties that may affect the results in this
study. Fluxes through the aquifers are sensitive to the specified effective permeabilities. Single well tests
indicate variations in permeability of several orders of magnitude within individual hydrostratigraphic units
(Rehfeldt et al., 2004). Increasing the flux by increasing the head gradient to 2 m/km led to reversed order
in concentrations with the larger value in the LAVA compared to the TSA and it was not possible to obtain
a match to the field data. Additionally, fracture-matrix interactions (matrix diffusion in this case) are not
accounted for explicitly. Extension to a dual continuum model formulation would enable incorporation
of matrix diffusion, but this feature has not yet been incorporated into PFLOTRAN. The calculations do
suggest, however, that the equivalent continuum representation of effective porosity is not valid. In this



limiting case, the effective porosity is given byφ = εfφf +(1−εf )φm'φm, for εf � 1. Considering that

Table 2: Scale factors used to fit measured radionuclide
concentrations in well ER-20-5 #1 and #3 for a unit source
concentration and the estimated mobile fraction of the ini-
tial inventory.

Radionuclide Scale Factor Estimated Inventory

[pCi/L] [Ci]
3H 3× 1012 9.66× 106

36Cl 4× 104 0.129
137Cs∗ 1× 106 3.22

239,240Pu∗ 3× 103 0.01

∗ Mobile fraction irreversibly sorbed on colloids.

fracture porosities are very small and that the TSA
and LAVA matrix porosities have the values 0.16
and 0.08 (Wolfsberg et al., 2002), respectively, this
would give much larger values for the effective
porosities than used in the simulation. Breakthrough
times at ER-20-5 #1 in the TSA aquifer are rather
insensitive to the TSA effective porosity provided
it is sufficiently small because the travel time is
dominated by flow through the chimney, but break-
through at ER-20-5 #3 in the LAVA is very sensitive
to the effective LAVA porosity, which is used as a fit
parameter. However, these results suggest that in the
TSA aquifer, because of its small effective porosity
and fast travel time, matrix diffusion affects on non-
reactive solutes and radionuclides irreversibly sorbed to colloids should be small. Finally, it should be noted
that the initial distribution of radionuclides depends on the individual species (Pawloski et al., 2001). Ra-
dionuclides may be contained primarily in the melt glass (e.g.239,240Pu), or distributed throughout a much
larger volume including the cavity and chimney but excluding the melt glass (e.g.3H), or be divided equally
between the melt glass and cavity-chimney (e.g.36Cl). The particular distribution of each species would
clearly affect the travel time to the TSA through the chimney.

3 CONCLUSION

Three-dimensional simulations at the field scale demonstrate the feasibility of matching field data docu-
menting radionuclide migration from the BENHAM underground nuclear test and thereby narrowing the
range of uncertainty in model simulations. The model simulations show a pulse release of radionuclides
to the TSA aquifer over a narrow window in time through the creation of convection cells caused by heat
released from the melt glass. Field data from wells ER-20-5 #1 and #3 for radionuclides3H, 36Cl, and
137Cs could be explained assuming a non-reactive tracer with concentrations adjusted for radioactive decay,
although additional data is needed to confirm the trend in time. Through the use of effective properties for
porosity and permeability, allowance could be made for matrix diffusion processes, the extent of which may
be limited by high flow velocities and possibly fracture coatings that inhibit matrix diffusion. The radionu-
clide 239,240Pu presented an anomaly in the fit to the field data, which indicated it was moving faster than
the other three radionucldes considered. While this is consistent with the hypothesis that239,240Pu transport
is colloid-facilitated, because the fit to the137Cs field data also indicated colloid-facillitated transport but
at somewhat slower migration rates than239,240Pu, presumably different types of colloids were involved
for 239,240Pu and137Cs. The results presented here appear to be the first indication that field scale colloid
transport can involve flow velocities faster than a non-reactive tracer species.

Because simulations of radionuclide migration from an underground nuclear test, such as the BEN-
HAM test, are intrinsically 3-D as a result of the unique cavity-chimney-melt-glass geometry, massively
parallel high performance computing is required to tackle these problems. Using the computer code PFLO-
TRAN it is now possible to carry out such calculations on available computing facilities such as LANL’s
QSC nonclassified alpha cluster, as well as other machines including EMSL’s MPP2 Intel Itanium-2 cluster
at PNNL. However, it should perhaps be emphasized that high performance computing can help alleviate,
but not eliminate, upscaling and multiscale issues. However, high performance computing will make more
feasible multiple continuum models which can incorporate length scales ranging from perhaps millimeters
to meters for describing multicomponent-multiphase systems in fractured porous media.

Future work will consider the relatively immobile radionuclide fraction through the addition of mul-
ticomponent chemical reactions including reversible and irreversible sorption, complexation, and precipi-



tation and dissolution reactions to describe alteration of the melt glass, and implementation of a dual con-
tinuum description of fracture-matrix interaction. The effect of grid refinement on convection cells formed
during the cooling period will be investigated. Finally, the rewetting phase of the near-field region and its
effect on radionuclide release times will be considered.
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